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Incenp and an Aurora-like kinase form a complex essential for
chromosome segregation and efficient completion of cytokinesis 
Susanne Kaitna*, Manuel Mendoza*, Verena Jantsch-Plunger 
and Michael Glotzer
Background: In animal cells, cytokinesis begins shortly after the sister
chromatids move to the spindle poles. The inner centromere protein (Incenp)
has been implicated in both chromosome segregation and cytokinesis, but it is
not known exactly how it mediates these two distinct processes.
Results: We identified two Caenorhabditis elegans proteins, ICP-1 and ICP-2,
with significant homology in their carboxyl termini to the corresponding region of
vertebrate Incenp. Embryos depleted of ICP-1 by RNA-mediated interference
had defects in both chromosome segregation and cytokinesis. Depletion of the
Aurora-like kinase AIR-2 resulted in a similar phenotype. The carboxy-terminal
region of Incenp is also homologous to that in Sli15p, a budding yeast protein
that functions with the yeast Aurora kinase Ipl1p. ICP-1 bound C. elegans AIR-2
in vitro, and the corresponding mammalian orthologs Incenp and AIRK2 could
be co-immunoprecipitated from cell extracts. A significant fraction of embryos
depleted of ICP-1 and AIR-2 completed one cell division over the course of
several cell cycles. ICP-1 promoted the stable localization of ZEN-4 (also known
as CeMKLP1), a kinesin-like protein required for central spindle assembly.
Conclusions: ICP-1 and AIR-2 are part of a complex that is essential for
chromosome segregation and for efficient completion of cytokinesis. We
propose that this complex acts by promoting dissolution of sister chromatid
cohesion and the assembly of the central spindle.
Background
In animal cells, cytokinesis begins shortly after the sister
chromatids have begun to move to the spindle poles. The
mechanism of furrow positioning and furrow assembly
remains quite obscure, although there is substantial evi-
dence that activation of the Rho GTPase is an early step in
cytokinesis (see [1] for review). In contrast, recent studies
in the nematode worm Caenorhabditis elegans have shed
new light on some components required for the late stages
of cytokinesis [2–4]. Its suitability for forward and reverse
genetics and the feasibility of studying cytokinesis in living
embryos make C. elegans an attractive model system for
investigating the mechanism of animal cell cytokinesis.
The Aurora kinase family has been implicated in a wide
variety of mitotic processes including cytokinesis. One
family member is amplified in a number of human cancers
[5,6]. While it is difficult to subdivide this kinase family
by sequence homology, it can be split into at least three
subfamilies on the basis of subcellular localization
(reviewed in [7]). This division is not universal as budding
yeast has just one Aurora-like kinase, Ipl1p [8]. Members
of this family, now known as Aurora/Ipl1p-related kinases
(AIRKs), have been named inconsistently in the past but a
consistent nomenclature has been proposed [7]. Members
of the AIRK1 subfamily — typified by C. elegans AIR-1,
Xenopus laevis Eg2, Drosophila melanogaster aurora, Mus
musculus IAK-1 and Homo sapiens AIK — localize princi-
pally to centrosomes. Members of the AIRK2 subfamily —
typified by C. elegans AIR-2, M. musculus ARK2, H. sapiens
ARK2 (also known as Aik2, aurora1 and STK12) and
Rattus norvegicus Aim-1 — localize to chromosomes and
the spindle midzone, and have been implicated in both
chromosome segregation and cytokinesis [9–11]. AIRK3
subfamily members localize to centrosomes in anaphase
and will not be discussed further. 
The inner centromere protein (Incenp) was originally
identified as a chromatin antigen, but its localization in
anaphase suggested an involvement in cytokinesis [12]. In
vertebrate cells, Incenp localization is highly dynamic.
During prometaphase, it localizes along chromosome arms
and becomes restricted to the inner centromeric region by
metaphase. At anaphase, Incenp leaves the centromeres
and localizes to the spindle midzone and the cell cortex.
The subcellular distribution of Incenp is remarkably similar
to that of AIRK2 [13]. Overexpression of two deletion
derivatives of Incenp causes late blocks in cytokinesis
[14,15]. However, several questions remain outstanding.
First, what are the consequences of loss of Incenp? Mouse
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embryos lacking zygotic Incenp have been generated
recently [16]. These embryos die early in embryogenesis
and appear partially defective in both chromosome segre-
gation and in cytokinesis. In the absence of a time-lapse
analysis, however, it is difficult to determine which cell-
biological process(es) are dependent on Incenp function.
A second outstanding question pertains to the biochemical
function of Incenp. 
To address the function of Incenp-like proteins in chro-
mosome segregation and cytokinesis in animal cells, we
identified two nematode genes with significant homology
to the previously characterized vertebrate Incenps and
used RNA-mediated interference (RNAi) to generate
embryos deficient in Incenp function. These studies indi-
cate that one Incenp, ICP-1, is required for chromosome
segregation and cytokinesis, though it is not completely
essential for the latter process. Depletion of ICP-1 and
AIR-2, an Aurora-like kinase, caused remarkably similar
phenotypes. We also established that Incenp and Aurora-
like kinases interact physically, suggesting that the biolog-
ical function of these proteins is mediated by this protein
complex. Our data indicate that ICP-1 acts in chromosome
segregation to promote the dissolution of cohesion between
sister chromatids and, independently in cytokinesis, to
promote the stable localization of the kinesin-like protein
ZEN-4 (also known as CeMKLP1) to the central spindle.
Results
Two Incenp homologs were identified in the C. elegans
genome: Y39G10a.246i (icp-1) and R08C7.5 (icp-2). Sequenc-
ing of a full-length cDNA and analysis of expressed
sequence tag (EST) data established the sequence of
ICP-1 shown in Figure 1. The primary sequence conserva-
tion between nematode and vertebrate Incenps was
largely confined to the carboxy-terminal 120 amino acids
(Figure 1b). Interestingly, database searches with this
conserved, carboxy-terminal domain identified Incenp-
like genes in budding and fission yeast. The budding yeast
gene SLI15 that contains this domain was identified by a
mutation that is synthetically lethal with ipl1, the budding
yeast gene that encodes an Aurora-like kinase [17].
Although Sli15p has been studied in detail, its relationship
to Incenp was previously unappreciated. Like Ipl1p, Sli15p
is required for chromosome segregation. Moreover, a direct
biochemical interaction has been detected between Sli15p
and Ipl1p [17].
RNAi of icp-2 caused neither embryonic lethality nor any
obvious phenotypic abnormalities in the hatched worms
(data not shown). However, icp-1(RNAi) embryos had dra-
matic defects in the first cell cycle (Figure 2). Polar body
extrusion did not occur (0/8 embryos). The female pronu-
cleus was smaller than the male pronucleus, rather than
being equal in size as in the wild type. The mitotic
spindle assembled and appeared normal, but chromosome
segregation failed and one large nucleus (occasionally with
two unequal-sized lobes) reformed between the two spindle
poles. Cleavage furrows formed and began to ingress, but
the ingressing furrows arrested and then regressed,
perhaps because of the presence of unsegregated DNA in
the spindle midzone (20/20 recorded embryos). As early
embryos do not have a functional spindle checkpoint
[18,19], they continue through multiple cell cycles, accu-
mulating multiple, variable-sized nuclei. These pheno-
types are remarkably similar to those previously described
for AIR-2 (Figure 2; see also [10,11]) as well as the bac-
ulovirus IAP-repeat-containing protein, BIR-1 [20].
To examine the chromosome segregation phenotype in
more detail, we performed RNAi of icp-1 in a strain that
was engineered to express a fusion protein between the
green fluorescent protein and histone H2B (GFP–histone).
This enabled us to monitor the behavior of the holocentric
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Figure 1
Analysis of nematode Incenps and alignment
of the sequence of a carboxy-terminal
domain that is conserved in vertebrates,
nematodes and yeast. Using the mouse
Incenp sequence to search the C. elegans
genome, we identified two related genes,
icp-1 (Y39G10a.246i; accession number
AF300704) and icp-2 (R08C7.5; accession
number T29657). Here, we focus on ICP-1
as we did not detect a phenotype in icp-
2(RNAi) embryos. (a) The predicted protein
sequence of ICP-1 was determined by
analysis of ESTs and by amplifying the 5′
end of the gene using a spliced leader
primer (SL1). Light grey, predicted coiled-
coil regions; dark grey, the conserved
domain. (b) Comparison of the carboxy-
terminal domains of mouse (gi|4886899),
Xenopus laevis (gi|2072290), C. elegans
(AF300704; T29657), Saccharomyces
cerevisiae (gi|6319632), and
Schizosaccharomyces pombe (gi|4538663,
SPBC336.15) sequences. Dark grey,
residues that are conserved (according to
the blosum62 similarity matrix) in more than
four sequences; light grey, residues
conserved in three sequences.
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nematode chromosomes in living embryos (Figure 3).
Using this strain, we could visualize both meiotic divisions
in utero. Time-lapse fluorescent microscopy of meiosis in
icp-1(RNAi) embryos revealed that meiotic chromosome
segregation did not occur in either meiotic division and
polar bodies were not extruded (data not shown). Surpris-
ingly, the meiotic defect resulted in a smaller, but brighter,
female pronucleus as compared to the male pronucleus
(Figure 3). As both meiotic divisions typically failed, icp-
1(RNAi) embryos initiated the mitotic cell cycles with a
chromosome content of 5N instead of 2N. The pronuclei
met and chromosome condensation began. Chromosomes
congressed to the metaphase plate, and, at the time of
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Figure 2
The icp-1(RNAi) and air-2(RNAi) embryos have similar defects in
nuclear division and cytokinesis. Wild-type, icp-1(RNAi) and
air-2(RNAi) embryos were dissected from young adult hermaphrodites
and observed by time-lapse microscopy. The icp-1(RNAi) and
air-2(RNAi) embryos failed to extrude the polar bodies (arrows in the
pronuclear migration stage) and the female pronuclei were smaller than
the male pronuclei, rather than being equal in size as in the wild type
(arrowheads). The cleavage furrow ingressed extensively (arrows), but
regressed in the first division. In the second division, separate nuclei
(asterisks) appeared and, in most cases, cleavage furrows ingressed
and regressed. In this and in all subsequent figures, embryos (~50 µm
in length) are oriented with the posterior to the right. 
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Figure 3
RNAi of ICP-1 causes chromosome segregation defects. Wild-type or
icp-1(RNAi) embryos were dissected from a worm strain expressing
GFP-tagged histone H2B, and time-lapse fluorescence imaging was
performed. In wild-type embryos, one polar body could be easily
visualized (arrowhead; the other polar body is out of focus) and cycles
of chromosome condensation and separation observed. In icp-1(RNAi)
embryos, no polar bodies were observed, and the female pronucleus
(arrow) was significantly brighter than the male pronucleus. During first
mitosis in icp-1(RNAi) embryos, chromosomes condensed and
congressed. During the first anaphase, the chromatin appeared to be
stretched along the spindle axis, but chromosome segregation failed.
In the second metaphase, the chromatin recondensed. In anaphase, a
multipolar spindle segregated chromatin into several distinct entities.
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anaphase, the chromatin mass elongated along the long
axis of the spindle, suggesting that chromosomes were
attached to kinetochore microtubules. However, the
chromosomes failed to separate (Figure 3). In subse-
quent divisions, chromosomes clearly moved polewards,
again suggesting that kinetochore function was not com-
promised. We also used the GFP–histone line to analyze
air-2(RNAi) embryos and found no significant differ-
ences between chromosome behavior in air-2(RNAi) and
icp-1(RNAi) embryos (data not shown). As the kineto-
chores appeared active, we suggest that the chromosome
segregation defect results from a failure of sister chro-
matids to separate. Alternatively, the segregation defect
may arise from individual chromosomes attaching to both
spindle poles because of the holocentric nature of nema-
tode chromosomes.
The striking similarity between the loss-of-function phe-
notypes of ICP-1 and AIR-2, combined with previous data
that the related yeast proteins interact physically [17],
suggest that the two nematode proteins may also be in a
complex. To investigate this possibility, we prepared
beads loaded with either recombinant ICP-1 or the
carboxy-terminal domain of ICP-1 and performed in vitro
binding studies. AIR-1 and AIR-2, translated in vitro, bound
to beads containing full-length ICP-1 (Figure 4a). AIR-2,
but not AIR-1, also bound weakly to beads containing the
carboxy-terminal domain of ICP-1. Thus, ICP-1 interacts
in vitro with AIR-1 and AIR-2 and these interactions are
most likely direct.
To determine whether the related mammalian proteins
also exist in a complex in vivo, we immunoprecipitated
Incenp from cell extracts. Mitotic HeLa cells were
extracted with a low salt buffer, centrifuged and separated
into a low salt supernatant and a pellet fraction (containing
chromatin and cell debris). The pellet fraction was
extracted with a high salt buffer and re-centrifuged. The
two soluble fractions were immunoprecipitated and ana-
lyzed by western blotting for the presence of H. sapiens
AIRK2 (Figure 4b). AIRK2 was found to co-precipitate with
Incenp, but not with a control antibody. Interestingly,
AIRK2 was more efficiently co-precipitated from the high
salt supernatant than from the initial low salt supernatant.
Thus, Incenp and AIRK2 interact physically in vivo.
To determine whether the conserved carboxy-terminal
region of Incenp is sufficient for the interaction with
Aurora-like kinases, we performed ‘pull-down’ experi-
ments from mitotic HeLa cell extracts using beads loaded
with a carboxy-terminal fragment of mouse Incenp. This
fragment precipitated H. sapiens AIRK1 and AIRK2, but
did not precipitate the mitotic kinase p34CDC2 (Figure 4c).
This interaction was specific as neither GST alone nor the
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Aurora-like kinases and Incenp-like proteins interact physically. 
(a) AIR-1 and AIR-2 bind ICP-1. AIR-1 and AIR-2 were produced as
fusion proteins with the chitin-binding domain and radiolabeled by in
vitro translation. They were added to beads loaded with either
glutathione-S-transferase (GST) alone or with GST–ICP-1 fusion
proteins (amino acids 1–622 or 509–622). The beads were
recovered, washed, and the bound proteins detected by
autoradiography. AIR-1 and AIR-2 bound efficiently to GST–ICP-
1(1–622), but not to GST alone. AIR-2 also bound weakly to
GST–ICP-1(509–622). Total, 1/8th of the amount of translation
product added to the beads, all of which were loaded on the gel. 
(b) AIRK2 and Incenp co-immunoprecipitate from mitotic HeLa cell
extracts. Mitotic HeLa cells were extracted in buffer containing 50 mM
NaCl and separated by centrifugation into a supernatant and a pellet
fraction. The pellet fraction was re-extracted with buffer containing
250 mM NaCl and separated by centrifugation into a supernatant and
a pellet fraction. The two supernatants were immunoprecipitated with
anti-Incenp antiserum or with rabbit immunoglobulin G (IgG). A sample
of the crude extract, the two supernatants and the proteins recovered
in the immunoprecipitates (IPs) were resolved by SDS–PAGE, and
western blotted with anti-AIRK2 antibody. Total, 1/30th of the amount
of lysate added to the immunoprecipitate, which was loaded in its
entirety. (c) AIRK1 and AIRK2 bind to the carboxy-terminal domain of
Incenp. HeLa cell extracts prepared in 50 mM NaCl were incubated
with beads loaded with a fusion protein between GST and amino acids
756–876 of M. musculus Incenp, GST–ICP-1(509–622), or GST
alone. The beads were recovered, washed and the bound proteins
detected by western blotting. Crude extract and clarified extract,
1/50th of the amount of lysate added to the beads, all of which were
loaded on the gel.
carboxy-terminal domain of C. elegans ICP-1 precipitated
AIRK1 or AIRK2. Thus, the interaction between Aurora-
like kinases and Incenps is species specific, conserved in
yeast, worm and mammals, and this interaction is likely to
be mediated by the conserved carboxy-terminal domain
of Incenp.
As AIR-2 kinase and ICP-1 interact physically and the
loss-of-function phenotypes of the two genes were very
similar, we tested whether ICP-1 is required for the
proper localization of AIR-2. We fixed and stained wild-
type and icp-1(RNAi) embryos using anti-AIR-2 and anti-
tubulin antibodies. During the meiotic cycles of wild-type
embryos, AIR-2 was localized to meiotic chromosomes
during meiotic metaphase (8/9 embryos). AIR-2 failed to
localize to meiotic chromosomes in icp-1(RNAi) embryos
(0/10 embryos, Figure 5a). Furthermore, during the
mitotic cycles of wild-type embryos, AIR-2 prominently
localized to metaphase chromosomes and to the spindle
midzone in anaphase (4/4 embryos). In icp-1(RNAi) embryos,
though the failure of chromosome segregation made it dif-
ficult to distinguish unambiguously metaphase embryos
from those in anaphase, discrete localization of AIR-2 was
absent (0/3 embryos, Figure 5b). Although mitotic spin-
dles appeared normal in icp-1(RNAi) embryos, separating
chromosomes were not observed in the first division
(Figure 5b). Thus, ICP-1 is required for proper localiza-
tion of AIR-2 kinase.
The data presented so far indicate that AIR-2 and ICP-1
form a biochemical complex that is required for chromo-
some segregation. However, depletion of either protein
also prevented completion of cytokinesis. We wanted to
determine whether the requirement for AIR-2 and ICP-1
in cytokinesis reflects a direct function of these proteins in
cytokinesis or whether their requirement for cytokinesis
was a consequence of their earlier requirement for chro-
mosome segregation. To distinguish between these possi-
bilities, we decided to follow embryos beyond the first
division, which was always defective (20/20 embryos).
Because of the apparent absence of the spindle assembly
checkpoint in early embryos, mitotic failures do not
prevent cell-cycle progression and multiple cell cycles
occur essentially on schedule [18,19]. In the next cell
cycles, multipolar spindles formed and induced cleavage
furrows (Figures 2,3, and data not shown) . We found that
40% (n = 15) of icp-1(RNAi) and 45% (n = 11) of air-
2(RNAi) embryos that were followed through 2–3 com-
plete cell cycles completed one cell division, producing
two blastomeres that entered subsequent cell cycles at dif-
ferent times (Figure 6). At the equivalent stage, wild-type
embryos contain 4–8 blastomeres resulting from 3–7 cell
divisions. This suggests that cytokinesis can occur, albeit
inefficiently, in embryos depleted of ICP-1 and AIR-2.
air-2(RNAi) embryos have been previously reported to
produce persistent furrows [11]. We did not observe a
clear correlation between the furrows that were completed
and the segregation of chromatin from the corresponding
midzone. Specifically, embryos were observed in which
chromatin did not persist in the midzone and cytokinesis
failed nonetheless. Thus, ICP-1 and AIR-2 are required
for efficient completion of cytokinesis.
Embryos depleted of ICP-1 or AIR-2 initiated cytokinesis,
the furrows ingressed extensively, but in all first cell
cycles and in the majority of later cell cycles, cytokinesis
failed to be completed. Our recent work has shown that a
Rho family GTPase-activating protein, CYK-4, and a
kinesin-like protein, ZEN-4, are required to assemble the
central spindle and that defects in central spindle assem-
bly result in a late cytokinesis defect [4]. We therefore
tested the possibility that ICP-1 and AIR-2 are involved in
assembling the central spindle. To address this question,
we performed icp-1 RNAi in a background that requires a
ZEN-4–GFP fusion protein for viability. We found that in
the first cell cycle of icp-1(RNAi) embryos, ZEN-4 initially
localized to the expected position. However, ZEN-4 did
not persist as it does in wild-type embryos; ZEN-4 disap-
peared after roughly 1–2 minutes (Figure 7; average
1.7 minutes, n = 7). As ZEN-4 and CYK-4 are each required
for central spindle assembly, we conclude that, in the first
division of icp-1(RNAi) embryos, the central spindle does
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Figure 5
RNAi of icp-1 causes de-localization of AIR-2. Wild-type and
icp-1(RNAi) embryos were fixed and stained with anti-tubulin and anti-
AIR-2 antibodies and DNA was stained with 4,6-diamidino-
2-phenylindole (DAPI). In wild-type embryos, AIR-2 was detected on
(a) meiotic chromosomes, and (b) mitotic chromosomes during
metaphase and on the spindle midzone during anaphase. In icp-1(RNAi)
embryos at similar stages, discrete localization of AIR-2 is not observed.
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not stably assemble, thus contributing to the late defects
in cytokinesis. 
Discussion
We have shown that an Incenp-related protein, ICP-1, is
required for chromosome segregation and for efficient
cytokinesis in the C. elegans embryo. ICP-1 bound AIR-2
in vitro; and the corresponding mammalian proteins associ-
ated in vivo. As the individual loss-of-function phenotypes
were very similar, we presume that the biological functions
of ICP-1 and AIR-2 are mediated by this protein complex. 
Interaction between Incenp and Aurora-like kinases
The first indication that ICP-1 and AIR-2 physically inter-
act came from analysis of the conserved domain of ICP-1.
Interestingly, an essential budding yeast protein, Sli15p,
contains this domain. SLI15 was identified in a screen for
mutations that are synthetically lethal with a mutant allele
of ipl1, which encodes the yeast Aurora-like kinase [17].
Vertebrate Incenp, Sli15p and ICP-1 are also similar in
that each protein contains a central region predicted to
form a coiled-coil. Biochemical characterization of Sli15p
revealed that it can bind directly to Ipl1p [17].
We have demonstrated that Incenps and Aurora-like
kinases interact physically. A complex between these
proteins could be detected in vitro using recombinant
nematode proteins. We also found that Incenp and kinases
of the AIRK2 subfamily interact in human cell extracts.
Recently, this protein complex has been independently
identified in Xenopus extracts [21]. Furthermore, our data
suggest that this interaction is mediated, at least in part,
by the conserved carboxy-terminal domain of Incenp. The
subcellular localization of Incenp and members of the
AIRK2 branch of the Aurora kinase family is consistent
with these proteins existing in a complex in vivo [13]. We
have also detected interactions between Incenps and
kinases of the AIRK1 subfamily in vitro. This is surprising
as AIRK1 and Incenp do not appear to co-localize during
most of the cell cycle [12,22]. It is likely that the binding
of Incenp to kinases of the AIRK2 subfamily is biologi-
cally relevant and that the ability of Incenp to interact
with AIRKs is subject to additional regulation in vivo.
Indeed, in budding yeast, Sli15p and Ipl1p are phospho-
proteins and the phosphorylated form of Ipl1p appears to
bind more tightly to Sli15p [17]. It will be interesting to
examine whether Incenp is an activating subunit for
kinases of the AIRK2, in addition to functioning as a tar-
geting subunit.
ICP-1 and AIR-2 in chromosome segregation
To discuss the observed defects in chromosome segrega-
tion, it is crucial to point out that such defects could arise
from failure to separate sister chromatids or from failure in
the movement of separated chromatids to the poles of the
mitotic spindle. In budding yeast, marking of individual
chromosomes with GFP permits this distinction to be
made in living cells. Conditional mutations in ipl1 or sli15
cause severe defects in chromosome segregation. Though
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Figure 6
A fraction of icp-1(RNAi) and air-2(RNAi) embryos cleave in later
divisions. The icp-1(RNAi) and air-2(RNAi) embryos were dissected
from young adult hermaphrodites and time-lapse microscopy was
performed. In the first cell cycle, icp-1(RNAi) and air-2(RNAi) embryos
showed penetrant defects in nuclear division and cytokinesis. In about
40% of icp-1(RNAi) and air-2(RNAi) embryos followed for two or
more divisions, stable cleavage furrows were observed (arrows). Not
all embryos that segregated chromatin out of the path of the ingressing
furrow were able to complete cytokinesis.
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ordered chromosome movement is highly impaired, sister
chromatids do separate in a large fraction of ipl1 or sli15
mutant cells [17,23]. In addition, the bulk of the cohesin
subunit Scc1p/Mcd1p dissociates with normal kinetics in
ipl1 mutant cells [23]. These data have been interpreted
to indicate that Ipl1p functions, not to promote separation
of sister chromatids, but rather for some aspect of kineto-
chore or spindle function. 
In C. elegans embryos, the analysis of ICP-1 and AIR-2 also
supports a role for these proteins in chromosome segrega-
tion. We found that, during the first mitosis of icp-1(RNAi)
embryos, chromosome segregation failed, although the
chromatin mass could be seen to elongate along the
spindle axis. In subsequent divisions, chromosomes were
capable of migrating to individual poles of the multipolar
spindles that formed as a consequence of the cytokinesis
block in the first division. These observations suggest that
the failure of chromosome segregation was not a conse-
quence of defective kinetochores or mitotic spindles.
These observations are more consistent with defects in
the dissolution of cohesion between sister chromatids. We
suspect that chromosomes separate in the second cell
cycle because sister chromatids fail to establish bipolar
attachments to spindle poles, perhaps as a consequence of
the increase in ploidy following the first failed division.
Alternatively, though we do not favor this possibility, the
failure of chromosomes to segregate in the first division
could arise from individual chromatids attaching to both
spindle poles rather than as a consequence of non-disjunc-
tion of sister chromatids. There is also the possibility that
the chromosome segregation defects we have observed
during the first mitosis of icp-1(RNAi) and air-2(RNAi) is
an indirect consequence of an earlier failure to properly
segregate chromosomes during meiosis. This is unlikely,
however, as embryos carrying a temperature-sensitive
allele of air-2, which complete meiosis at the permissive
temperature and extrude their polar bodies, have a similar
chromosome segregation defect during mitosis (at the
restrictive temperature) as embryos depleted of AIR-2
(and ICP-1) by RNAi [24].
The cytological localization of Incenp to the inner cen-
tromeric region during metaphase [12] is also consistent
with Incenp regulating sister chromatid cohesion. In verte-
brate cells, the last region of sister chromatid cohesion to
dissolve is at the centromere. Interestingly, though the bulk
of cohesin dissociates during prometaphase [25], recent
observations indicate that, in vertebrate cells, detectable
cohesin does persist in the inner centromeric region [26].
While a function for Incenp and Aurora in dissolution of
sister chromatid cohesion seems inconsistent with the
budding yeast data that cohesin dissociates from chromatin
with wild-type kinetics in ipl1 mutant cells, it is possible
that Sli15p/Ipl1p is required to dissolve a specific subset of
cohesin in yeast. Moreover, it has recently become apparent
that the centromeric regions of yeast chromosomes separate
before the dissolution of cohesion [27–29]; this phenomenon
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Figure 7
ZEN-4–GFP fails to localize stably in
icp-1(RNAi) embryos. Wild-type and
icp-1(RNAi) embryos were dissected from a
worm strain expressing a ZEN-4–GFP rescue
construct, and time-lapse fluorescence
imaging was performed. In wild-type embryos,
ZEN-4 localizes to the central spindle early
during cytokinesis and persists at the division
remnant (arrows). In icp-1(RNAi) embryos,
ZEN-4 initially associated with the central
spindle (arrow) but, after 1–2 min, ZEN-4
disappeared from the central spindle. The
elapsed time is shown in min:sec.
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may account for some of the complexity of the ipl1/sli15
mutant phenotypes. These differences could, of course,
also result from Incenp and Aurora kinase playing slightly
different functions in different organisms.
ICP-1 and AIR-2 in cytokinesis
In addition to the reproducible defect in chromosome seg-
regation in icp-1(RNAi) and air-2(RNAi) mutant embryos,
we observed a penetrant inhibition of the first cytokinesis.
The involvement of AIR-2 in chromosome segregation
[11] and cytokinesis has been shown previously [10]. In the
first division, unsegregated chromatin reassembled into a
nucleus that lay in the path of the ingressing furrow. Could
the cytokinesis defect be a consequence of the failure to
segregate chromosomes? This hypothesis appears unlikely
as, in subsequent cell cycles, unsegregated chromatin did
not always lie in the path of cleavage furrows that subse-
quently regressed. Moreover, not all chromosome segrega-
tion defects caused cytokinesis defects. For example, we
found that RNAi of DNA replication factors caused
anaphase bridges and these incompletely segregated chro-
mosomes did not inhibit completion of cytokinesis (data
not shown). Finally, embryos lacking HCP-3, the nema-
tode homolog of CENP-A [30], are able to complete
cytokinesis even though they appear completely defective
in chromosome segregation [24]. Thus, the chromosome
segregation defect is insufficient to account for the cytoki-
nesis defect, implying that both ICP-1 and AIR-2 play a
role during cytokinesis.
How might ICP-1 and AIR-2 act to promote cytokinesis?
In icp-1(RNAi) and air-2(RNAi) mutant embryos, cleavage
furrows underwent extensive furrow ingression and then
regressed. A recent study has established that CYK-4, a
Rho-family GTPase-activating protein, and ZEN-4, a
kinesin-like protein, are co-ordinately involved in promot-
ing completion of cytokinesis [4]. Both proteins localize to
the central spindle and are required for its formation. The
localization of CYK-4 to the central spindle may be
required at a late step of cytokinesis to promote GTP
hydrolysis by Rho. Though AIR-2 also localizes to the
central spindle, this localization is distinct from that of
CYK-4 and ZEN-4; in particular, AIR-2 localization does
not require either of these two proteins [4,10]. We have
visualized, in vivo, the localization of a ZEN-4–GFP fusion
protein as an indicator of central spindle assembly and
found that, in icp-1(RNAi) mutant embryos, ZEN-4 initially
localized to the central spindle, but this localization was
transient. This suggests that ZEN-4 maintenance is ICP-1
dependent. Thus, the cytokinesis defects in icp-1(RNAi)
mutant embryos can be attributed to a failure to stably
localize ZEN-4, which in turn is required for assembly of
the central spindle and for the localization of CYK-4 [4].
The defect in central spindle assembly in icp-1(RNAi)
embryos resembled the phenotype observed in vertebrate
cells overexpressing an Incenp fragment that does not
dissociate from centromeres [14]. In these cells, furrows
form but spindle midzones do not and cytokinesis does
not complete.
Surprisingly, although icp-1(RNAi) and air-2(RNAi) mutant
embryos were severely defective in cytokinesis, we found
that a substantial fraction of these embryos could cleave in
the second and third cell cycles. Do these cleavages
reflect incomplete penetrance of the RNAi phenotypes or
redundancy with other Aurora-like kinases and/or Incenps?
These explanations are impossible to rule out completely
without genetic null mutations to substantiate the data.
However, given that RNAi of AIR-2 or ICP-1 caused a
100% penetrant defect in chromosome segregation and
cytokinesis during the first division and that approxi-
mately the same number of embryos were able to cleave
in later cycles in both cases, it is more likely that these two
proteins are not strictly essential for cytokinesis. Immuno-
fluorescence analysis of icp-1(RNAi) embryos revealed that
the embryos that had completed cytokinesis often retained
ZEN-4 at the division remnant (data not shown). These
data, combined with our ZEN-4–GFP data, indicate that
ICP-1 promotes the stable accumulation of ZEN-4.
However, in the absence of ICP-1, ZEN-4 can stably
localize at a low efficiency. To understand the mechanism
by which ICP-1 regulates the central spindle will probably
require reconstitution of this reaction in vitro.
Conclusions
We have presented evidence that Incenp and Aurora func-
tion in both chromosome segregation and cytokinesis, in
particular in the localization of components required for
central spindle assembly. The possible connection
between these two processes is of biological importance,
as the plane of cell division must fall between the segre-
gated sister chromatids. Recently, Uhlmann et al. have
shown that budding yeast Esp1p is a protease that cleaves
the cohesin subunit Scc1p, thereby promoting sister chro-
matid separation [31]. In addition, they have provided evi-
dence that Esp1p also regulates the stability of the
telophase spindle. As AIR-2 and ICP-1 also appear to be
involved in both sister chromatid separation and assembly
of the spindle midzone, it is tempting to speculate that
AIR-2 and ICP-1 may act in the Esp1p pathway.
Materials and methods
Worm strains
To generate the histone H2B–GFP integrated transgene, the construct
pJH4.52 containing a fusion between histone H2B and GFP (a kind gift
of G. Seydoux, Johns Hopkins University), was linearized and co-
injected into wild-type hermaphrodites with rol-6(su1006) DNA and lin-
earized genomic DNA in a ratio 1:1:100 [32]. A ‘germline-active’ array
was selected using a compound fluorescence microscope. This array
was then integrated using gamma irradiation [33]. MG155 (xsIs3(his-
11:GFP)) was backcrossed three times to N2 and continuously main-
tained at 25°C. To generate a line expressing ZEN-4–GFP, the
GFP-encoding cassette from vector pPD119.16 (a gift from A. Fire,
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Carnegie Institution, Baltimore) was inserted, using a PCR-based strat-
egy, immediately before the stop codon in a 7 kb fragment (KpnI–XhoI
from cosmid M03D4) that rescues a zen-4 null allele [3]. The construct
was linearized and injected into zen-4(or153ts) hermaphrodites along
with rol-6(su1006) and linearized N2 DNA in a ratio 1:1:100 [32].
Selection for expression of the transgene was performed at 25°C and a
line, MG170 (zen-4(or153ts); xsEx6[zen-4:gfp]), was isolated.
RNAi
A 506 bp fragment of DNA from the predicted coding region of icp-1
and a 350 bp DNA fragment from the coding region of air-2 were
amplified by PCR and subcloned in pGEM-T (Promega). Single-
stranded sense and antisense RNA were transcribed from the T7 and
SP6 promoters using Megascript (Ambion) according to the manufac-
turer’s instructions. The RNA products were annealed and injected into
the gonads of wild-type, MG170, or MG155 hermaphrodites as
described [34]. RNA was injected at 150–600 ng/µl; no dosage
effects were observed. Embryos were dissected from injected worms
15–24 h after injection and analyzed by time-lapse microscopy or fixed
for immunofluorescence.
Cloning and protein interaction assays
DNA sequences of icp-1 and icp-2 were initially identified in the
sequence databases maintained by the Sanger Center (Hinxton, UK).
Subsequently, the genomic sequence of icp-1 disappeared from most
sequence databases. It is, however, contained in the near complete
sequence of chromosome I and several ESTs are derived from this
gene. The coding regions of AIR-1, AIR-2 and ICP-1 and the
sequences encoding the carboxy-terminal domains of ICP-1 (amino
acids 509–622) and mouse Incenp (amino acids 756–876) were
amplified from C. elegans embryonic cDNA or mouse kidney cDNA
using Pfu polymerase (Stratagene), and cloned into pGEX-4T-1 (Phar-
macia), pKS-βglobin and pET-CBD vectors; pET-CBD contains
sequence encoding the chitin-binding domain derived from pCYB4
(NEB; kindly provided by Masanori Mishima, IMP). In vitro translated
proteins were produced using the TNT-reticulocyte lysate system
(Promega) using [35S]Met and [35S]Cys (ICN). GST fusion proteins
were expressed in the bacteria strain BL21(DE3) by IPTG induction of
mid-log phase cultures at room temperature for 2–3 h. Cells were har-
vested, frozen in liquid nitrogen as chunks and ground with a mortar
and a pestle until a fine powder was obtained. The lysed bacteria were
resuspended in 25 ml lysis buffer per liter of culture (lysis buffer:
80 mM Tris pH 7.5, 0.8 M NaCl, 1 mM EDTA, 5 mM DTT, 0.2% Triton
X-100, 1 mM PMSF, 1 µg/ml leupeptin/pepstatin), centrifuged for
30 min at 12000 rpm (SS34 rotor) and the supernatants diluted with
3 volumes of cold deionized water. Diluted supernatants were poured
over 1 ml glutathione-coupled agarose (Sigma), washed with
10 column volumes of wash buffer (20 mM Tris pH 7.5, 0.2 M NaCl,
1 mM EDTA, 1 mM DTT, 0.1% Triton X-100) and stored at 4°C up to
seven days. For binding assays, 20 µl of in vitro translated protein,
diluted in 100 µl wash buffer, was incubated with 10 µl of protein-
coupled beads for 45 min at room temperature. Beads were washed
three times with 500 µl TBST (50 mM Tris pH 7.5, 0.15 M NaCl, 0.1%
Triton X-100). Bound proteins were resolved on SDS–polyacrylamide
gels and the labeled proteins detected with a phosphorimager (Molec-
ular Dynamics). For assays using HeLa cell extracts, cells were grown
to near confluency on 15 cm plates and arrested with 0.1 µg/ml noco-
dazole for 12–16 h. Cells were collected by shaking, washed with PBS
and lysed in 1 ml lysis buffer per plate (20 mM Tris pH 7.5, 50 mM
NaCl, 1 mM EDTA, 2 mM EGTA, 1% Triton X-100, 1 mM PMSF,
1 µg/ml leupeptin/pepstatin). Crude extracts were spun at 14000 rpm
for 10 min in a cooled bench-top centrifuge and supernatants were
incubated with protein-coupled beads for 1.5 h at 4°C. Beads were
washed three times with 20 mM Tris pH 7.5, 50 mM NaCl, 1 mM
EDTA, 0.1% Triton X-100, and bound proteins detected by
SDS–PAGE and western blotting using anti-AIRK2 (that is, AIM-1) and
anti-AIRK1 (that is, IAK-1) antibodies (Transduction Laboratories) and
anti-Cdc2 antibodies (Santa Cruz). Immunoprecipitations were per-
formed using anti-Incenp antibodies (kindly provided by Bill Earnshaw)
Immunolocalization
Immunolocalization was performed as described previously [35]. In
brief, gravid hermaphrodites were placed on slides coated with amino-
propyltriethox-siland (Sigma); a coverslip was added and gently tapped
to release embryos from the uterus. The sample was immediately frozen
in liquid nitrogen and subsequently fixed in –20°C methanol. After rehy-
dration through an ethanol series, antibody staining was performed
according to standard procedures. Microtubules were stained with a
rat monoclonal YOL1/34 anti-tubulin antibody diluted 1:600. Rabbit
antiserum specific for ZEN-4 was provided by Bill Saxton and Susan
Strome (University of Indiana, Bloomington) and used at a dilution of
1:4000 [2]. An affinity purified rabbit anti-AIR-2 antibody was provided
by Andy Golden (National Institutes of Health, Bethesda) and used at a
dilution of 1:400 [10].
Time-lapse recordings
Time-lapse Nomarski imaging was performed as described previously
[35]. Time-lapse imaging of HIS–GFP and ZEN-4–GFP was performed
on a Zeiss Axiovert microscope using a 100 ×/1.3 neofluor objective. The
illumination source, an Atto-arc HBO-103, was attenuated to 5–50%
intensity with neutral density filters or with the light source controller. A
CoolSnap FX (Roper Scientific) was used for image acquisition. The
camera and other electronics were controlled with MetaMorph software
(Universal Imaging). Typical acquisition times were 30–100 msec. Every
10 sec, a Nomarski image and five fluorescent images at different focal
planes were acquired. The fluorescent images were projected onto a
single frame using the maximum intensity from the stack of images.
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